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Abstract Space-based remote sensing of the column-averaged methane dry air mole fraction
(XCH4) has greatly increased our understanding of the spatiotemporal patterns in the global methane
cycle. The potential to retrieve multiple pieces of vertical proﬁle information would further improve the
quantiﬁcation of CH4 across space-time scales. We conduct information analysis for channel selection and
evaluate the prospects of retrieving multiple pieces of information as well as total column CH4 from both
ground-based and space-based near-infrared remote sensing spectra. We analyze the degrees of freedom
of signal (DOF) in the CH4 absorption bands near 2.3 μm and 1.6 μm and select ∼1% of the channels that
contain >95% of the information about the CH4 proﬁle. The DOF is around 4 for ﬁne ground-based spectra
(resolution = 0.01 cm−1) and 3 for coarse space-based spectra (resolution = 0.20 cm−1) based on channel
selection and a signal-to-noise ratio (SNR) of 300. The DOF varies from 2.2 to 3.2 when SNR is between 100
and 300, and spectral resolution is 0.20 cm−1. Simulated retrieval tests in clear-sky conditions using the
selected channels reveal that the retrieved partial column-averaged CH4 values are not sensitive to the a
priori proﬁles and can reﬂect local enhancements of CH4 in diﬀerent partial air columns. Both the total and
partial column-averaged retrieval errors in all tests are within 1% of the true state. These simulated tests
highlight the possibility to retrieve up to three to four pieces of information about the vertical distribution
of CH4 in reality.
1. Introduction
Atmospheric methane (CH4) is the secondmost important anthropogenic greenhouse gas after carbon diox-
ide (CO2) [Intergovernmental Panel on Climate Change (IPCC), 2014; Seinfeld and Pandis, 2006]. Anthropogenic
activities have rapidly increased atmospheric CH4 concentrations from 715 parts per billion (ppb) in the
preindustrial era to around 1900 ppb at present [Etheridge et al., 1998; Forster et al., 2007; IPCC, 2014].
Recognizing the crucial role CH4 plays in the climate system, scientists have made ground-based, airborne,
and space-based measurements around the world in order to gain a better understanding of the evolving
global CH4 cycle. Ground-based CH4 measurements from the surface and tall towers, such as those from the
Total Carbon Column Observing Network (TCCON) [Wunch et al., 2011; Saad et al., 2014], place excellent con-
straints onglobal andhemispheric CH4 budgets. Althoughground-basedmeasurements have aprecision and
accuracy of 0.1–0.2% [Dlugokencky et al., 2005] and airbornemeasurements have high vertical resolution [Ejiri
et al., 2006; Sweeney et al., 2014], they are both too sparse to resolve regional CH4 budgets over a wide area
and a long period of time.
Space-based remote sensing measurements of CH4 complement measurements from the ground-based
networks by providing dramatically increased spatial coverage and sampling density. Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) [Bovensmann et al., 1999],
Greenhouse Gases Observing Satellite (GOSAT) [Kuze et al., 2009], the proposed CarbonSat missions
[Bovensmann et al., 2010], and the planned Sentinel-5 precursor [Butz et al., 2012] have provided or will pro-
vide observations of the total column-averaged CH4 dry air mole fraction (XCH4) with maximum sensitivity
near the surface. Although XCH4 has been proven to be useful for constraining the CH4 ﬂux estimates, the
concentrations of CH4 at diﬀerent altitudes can be signiﬁcantly diﬀerent. Using yearly averagedmodel results,
Frankenberg et al. [2011] showed that the diﬀerence between XCH4 and the surface CH4 concentration can
be as large as 200 ppb over vast continental regions. Furthermore, the seasonal variation of XCH4 can diﬀer
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substantially from that of the surface CH4 concentration. In other words, XCH4 cannot be interpreted in
the same way as the surface concentration of CH4. Thus, accurate quantiﬁcation of these seasonal CH4
sources/sinks require information about the vertical distribution of CH4 rather than just XCH4 [Bergamaschi
et al., 2007].
Retrieving XCH4 from spectrally resolved radiances is usually accomplished by simulating the atmospheric
radiative transfer for thousands of spectral channels. In contrast, using a small subset of channels that are
information rich for retrievals can be advantageous because (1) it omits the channels that are not sensitive
to changes in the atmospheric state and the noise in these channels, (2) it helps to achieve fast and accurate
retrievals, and (3) it minimizes interferences among retrieved parameters. For example, Chahine et al. [2005]
selected 13 out of 2378 channels from Atmospheric Infrared Sounder and derived the mixing ratio of CO2
in the midtroposphere with an accuracy better than 2 ppm. Similarly, Kuai et al. [2010] found that one could
retrieve XCO2 with a precision of∼0.1 ppmusing only 40 of themore than 1000 channels in the 1.6 μmregion.
The channels identiﬁed by Kuai et al. are sensitive to changes in XCO2 but are not sensitive to changes in
temperature, surface pressure, or water vapor.
Motivated by the need for quantifying the vertical distribution of CH4 and the usefulness of channel selection,
we aim to address the following science questions in this study: (1) what is themaximum degrees of freedom
of signal (DOF) for CH4 that can be retrieved from near-infrared (NIR) spectral radiances similar to those com-
monly used to retrieve XCH4? Canwe retrievemore information of CH4 than XCH4? (2) Could information-rich
channels be selected from the CH4 absorption bands and be used to retrieve partial column-averaged CH4,
while preserving most of the DOF for CH4? To answer these questions, we conduct information analysis and
simulated retrievals in clear-sky scenarios. We emphasize that this is an exploratory study that examines the
potential use of information-rich channels for partial column retrievals. As a result, we perform simulated
retrievals to test various scenarios and defer realistic retrievals using measured spectra to a future study.
This paper is organized as follows: section 2 explains the methodology of simulated retrievals and channel
selection; section 3 presents the use of information-rich channels for retrieving partial column-averaged CH4;
section 4 concludes with a summary of the key scientiﬁc contributions and some limitations of this study.
2. Methodology
This section explains the forward model used to simulate spectra in the NIR bands, the retrieval algorithm
based on the optimal estimation theory, and the information analysis for channel selection.
2.1. Forward Model
The forward model divides the atmosphere uniformly into 15 pressure layers from 1 bar to 0 bar. These 15
layers have been shown to yield accurate CH4 retrievals [Butz et al., 2011; Schepers et al., 2012]. Climatological
atmospheric proﬁles are obtained from the U.S. Standard Atmosphere 1976 and then scaled to the glob-
ally averaged concentrations of greenhouse gases in 2012. An updated list of CH4 absorption lines from the
HITRAN 2008 database [Rothman et al., 2009] is adopted. In this updated list, erroneous CH4 and H2O spectro-
scopic parameters that are known to have caused bias in the SCIAMACHY retrievals [Frankenberg et al., 2008]
have been corrected. HITRAN 2008 has been widely shown to be appropriate for real CH4 retrieval [Butz et al.,
2011; Galli et al., 2012; Parker et al., 2011], while using HITRAN 2012 leads to consistent retrieval results in our
tests.
We employ the Reference Forward Model [Dudhia et al., 2002] to translate the atmospheric state to the radi-
ancesmeasured by a ground-based or a space-based spectrometer. The solar spectrummodel is based on the
solar irradiance data from the MODTRAN 4.0 database [Berk et al., 1999], which is a good basis for generating
synthetic solar irradiance data.
We use the state-of-the-art Vector LInearized Discrete Ordinate Radiative Transfer model (VLIDORT) [Spurr,
2006] for computing the radiance spectra in a multiple-layer, multiple-scattering medium. For simplicity, the
samemodel is used to generate the “observed” spectra and the “retrieved” spectra. VLIDORT uses the discrete
ordinates approach to approximatemultiple scatter integral source terms in the radiative transfer equation. It
can perform a precise single-scattering calculation for both incoming solar and outgoing line-of-sight beams
in a spherical shell atmosphere. Furthermore, it has been validated against Rayleigh and aerosol benchmark
results [Siewert, 2000].
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Accurate computations of the radiances depend on the knowledge of the atmospheric state. Uncertainties in
surface pressure and aerosols inﬂuenceCH4 retrievals. Both topographic variation over land and localweather
can induce uncertainties in surface pressure that contribute to errors in the CH4 retrieval. In addition, scatter-
ing by clouds/aerosols can introduce more uncertainties to the atmospheric path length. Previous studies by
Trauger and Lunine [1983] and O’Brien et al. [1998] have demonstrated that the O2 A band at 0.76 μm could
constrain both surface pressure andoptical path length variation inducedby clouds/aerosols. Hereweuse the
O2 A band (13125–13155 cm
−1) with a spectral resolution of 0.3 cm−1 and focus our discussion on clear-sky
scenes (aerosol optical depth ≤ 0.05) because scenes with high aerosol loads are usually ﬁltered out before
operational retrievals [O’Dell et al., 2012].
To account for light scattering by small amounts of aerosols, VLIDORT takes in aerosol optical properties and
incorporates their scattering eﬀects into the radiative transfer calculations. The tropospheric aerosols have
been chosen according to the climatological categories developed by Kahn et al. [2001]. The stratospheric
aerosol is assumed to be a 75% solution of sulfuric acid (H2SO4) with amodiﬁed gamma function size distribu-
tion [WCP, 1986]. The complex refractive index of the H2SO4 solution is taken from tables prepared by Palmer
andWilliams [1975]. For spherical aerosol particles, the optical properties are computed using a polydisperse
Mie scattering code [de Rooij and van der Stap, 1984]. For nonspherical aerosols such as mineral dust, optical
properties are computed using a T-matrix code [Mishchenko and Travis, 1998]. For simulated retrievals from
space-based measurements, the modeled atmosphere is bounded below by a Lambertian reﬂecting surface,
for which the reﬂectance has been taken from the Advanced Spaceborne Thermal Emission and Reﬂection
Radiometer spectral library [Abrams, 2000]. Our realistic input data and the state-of-the-art forwardmodel are
appropriate for simulated retrievals [e.g., Kuai et al., 2010].
2.2. Retrieval Algorithm
Formally, the forward model F translates the state vector x, model parameters b, and error 𝝐 to the measure-
ment vector y in the following manner:
y = F(x,b) + 𝜖 (1)
The model parameters include gas spectroscopy and the optical properties of aerosols. The error here is
mainly from instrument noise and forward model error. To simulate observed spectra, we convolve the for-
ward model output with the instrument line shape (ILS) function of a Fourier transform spectrometer (FTS)
and then add random measurement noise. The ILS functions for ground-based and space-based spectra are
taken from TCCON and GOSAT, respectively.
Weuse a nonlinearMaximumAPosteriorimethod to iteratively retrieve the state vector x [Rodgers, 2000]. This
method has beenwidely used for GOSAT [Yoshida et al., 2011], TES [Bowman et al., 2006], and Orbiting Carbon
Observatory 2 (OCO-2) [Kuang et al., 2002; Connor et al., 2008;O’Dell et al., 2012; Crisp et al., 2012]. This optimal
estimation method combines prior knowledge about the atmospheric state, xa, and the measurement, y, to
obtain a stable retrieval solution through minimizing the following cost function:
𝜒2 = (x − xa)TS−1a (x − xa) +
[
y − F(x,b)
]T
S−1
𝜖
[
y − F(x,b)
]
(2)
where xa and Sa are the a priori state vector and the associated covariance matrix, representing the statisti-
cal mean and variance of our prior knowledge. S𝜖 is the error covariance matrix of the measurement and is
assumed to be diagonal. The minimization of equation (2) is done iteratively using the Levenberg-Marquardt
method [Levenberg, 1944;Marquardt, 1963]:
xi+1 = xi +
[
KTi S
−1
𝜖
Ki + (1 + 𝛾)S−1a
]−1 {
KTi S
−1
𝜖
[y − F(xi,b)] − S−1a (xi − xa)
}
(3)
where the subscript idenotes the ith iteration andK is the Jacobianmatrix. 𝛾 is chosen at each step tooptimize
the speed of convergence [Fletcher, 1971; Rodgers, 2000].
The state vector x includes key atmospheric and surface properties such as CH4 mixing ratios within diﬀer-
ent partial columns, temperature, water vapor, surface pressure, surface albedo, and aerosol optical depth.
The a priori constraints for CH4, temperature, water vapor, and surface pressure are estimated from climato-
logical data and transport model results. For CH4 mixing ratios in diﬀerent layers, the a priori uncertainty is
assumed to be ∼90 ppb (∼5%) [Worden et al., 2012]. The uncertainties of the band-averaged surface albedos
are assumed to be 20%; the values for each band are uncorrelated with those for the other bands. Since sig-
niﬁcant uncertainty remains for the aerosol optical depth, its a priori uncertainty is assumed to be 100%. We
assume no correlation between the geophysical variables in the state vector.
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Several assumptions have beenmade in this framework for simulated retrievals. It has been assumed that the
surface is Lambertian rather thanapolarizedbidirectional reﬂectance functionand the spectroscopicparame-
ters are knownexactly. In real retrievals, uncertainties in these variableswould lead to additional errors [Wunch
etal., 2011; Fuetal., 2014]. Note again that herewe assume clear-sky soundings,which are important scenarios
for realistic CH4 retrievals [e.g., Bovensmann et al., 2010]. Since the radiative transfer model has a sophisti-
cated treatment of absorption and scattering of sunlight, we use the same forward model for generating the
observed spectra and the retrieved spectra.
2.3. The Basics of Information Analysis
As introduced in section 1, using carefully selected channels increases the eﬃciency of retrievals and reduces
interferences among retrieved variables. Rodgers [1998] showed that information analysis is a powerful tool
for channel selection.
We apply information analysis to the CH4 retrieval system to estimate its degrees of freedom of signal (DOF),
which evaluate the maximum number of independent partial columns of CH4 that may be retrieved. Partial
columns refer to constituent parts of an air column. Thedry airmole fractions of CH4 in eachpartial columnare
calculated independently. The DOF serves as ameasure of the information contained in the chosen channels.
When n channels are used, the DOF contribution from the ith channel is as follows:
DOFi =
𝜆2i
1 + 𝜆2i
(4)
where 𝜆i are the singular values of the normalized Jacobian (see equation (6) below) and are dependent on
the channels used to compute the Jacobian. The DOF for CH4 as computed using all of the n channels (n≥ 1)
is determined by
DOF =
n∑
i=1
𝜆2i
1 + 𝜆2i
(5)
The normalized Jacobian is deﬁned as follows:
K̃ = S
− 1
2
𝜖 KS
1
2
a (6)
In this study we deﬁne information-rich channels as those channels that have DOFi ≥ 0.005, as discussed in
section 3.
3. Results and Discussions
The CH4 absorption bands at 2.3 μm (4190–4510 cm−1) and 1.6 μm (5880–6120 cm−1) are the focus of this
study. This is because both spectral regions have absorptions of intermediate strength relevant for accurate
retrievals of XCH4 [Warneke et al., 2006]. Other spectral regions in the solar absorption region contain absorp-
tions that are too weak to be useful. Figure 1 shows the transmittance (see the deﬁnition of transmittance in
Goody and Yung [1989]) and DOF for each channel at (a) 2.3 μm and (b) 1.6 μm with a spectral resolution of
0.01 cm−1. Transmittance has a value close to zerowhen CH4 absorbs strongly. The DOF value associatedwith
each channel also has a value between 0 and 1 (n = 1 in equation (5)). Compared to the DOF computed using
all the available channels, the DOF of each channel provides a means to discriminate information-rich versus
information-poor channels. The absorptions in the 2.3 μm band are strong and dense (Figure 1a), while the
absorptions at 1.6 μm(Figure 1b) are less dense (the absorption features aremore separated fromeach other).
The number of channels with DOF ≥ 0.9 is 6291 (∼19.7% of the total) for the 2.3 μm band and 606 (∼2.5% of
the total) for the 1.6 μm band. Therefore, the 2.3 μm band is more informative than the 1.6 μm band for CH4
retrievals.
Figures 1 and 2 illustrate that higher absorption strength corresponds to higher DOF. A spectral window of
4215–4220 cm−1 with continuous strong absorptions lead to continuously large values of DOF. However, this
correlation is not linear due to the inﬂuence of diﬀerent degrees of line broadening at diﬀerent altitudes. For
example, in Figure 2, the absorptions at 4203.2 cm−1 are of intermediate strength but the DOFs at these wave
numbers are close to 1.
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Figure 1. Transmittance and DOF of the CH4 bands at (a) 2.3 μm (4190–4510 cm−1) and (b) 1.6 μm (5880–6120 cm−1),
discussed in section 3. The computation is based on a standard midlatitude summer atmosphere, assuming a solar zenith
angle of 45∘ and a nadir viewing geometry. Note that the DOFs here are for each channel (i.e., n=1 in equation (5)).
Figure 2. Same as Figure 1 but for a small spectral window in the 2.3 μm band to show detailed features. This more
clearly illustrates the correlation between transmittance and DOF, discussed in section 3.
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Figure 3. DOF for each small spectral window (10 cm−1 wide and with 0.01 cm−1 resolution) in the 2.3 μm and 1.6 μm
bands. Note that these are DOFs for 1000 channels from each window (i.e., n = 1000 in equation (5)). They are diﬀerent
from DOFs in Figure 1, which are for each channel (i.e., n = 1 in equation (5)). This is discussed in section 3.2. In Table 1,
we summarize the windows that has DOF > 3.4 and the associated channel selections in each of these windows.
3.1. Information-Rich Channels for CH4 Retrievals
Since ground-based measurements can have a spectral resolution close to 0.01 cm−1 [Wunch et al., 2010], we
ﬁrst analyze the DOFs in both CH4 bands at this high spectral resolution using the viewing geometry of a
ground-based FTS.We divide the 1.6 and 2.3 μmbands into 10 cm−1 widewindows, with eachwindowhaving
10 cm−1/0.01 cm−1 = 1000 channels. All the channels in each window are combined to calculate the DOF for
CH4 in the window. Figure 3 shows the following results: there are 22 spectral windows in the 2.3 μm band
with aDOF≥ 3.0. The 1.6 μmbanddoes not even have onewindowwithDOF≥ 3.0 due to the smaller number
of strong lines, as illustrated in Figure 1. The two largest DOFs in Figure 3 are found in the 4210–4220 cm−1
window (DOF = 4.15) and the 4310–4320 cm−1 window (DOF = 3.50), which correspond to the two strongest
absorption lines in the CH4 spectra in Figure 1. Since the information in diﬀerent channels is not independent
of eachother, theDOFof a spectralwindow is not equal to the sumof theDOFsof each channel in that spectral
window. When all the channels in the 1.6 and 2.3 μm bands are used (56,000 CH4 channels), we ﬁnd that the
DOF is about 4.4, indicating that there are about four independent pieces of information associated with the
vertical distribution of CH4.
Next, we select the information-rich channels from thousands of the channels in a high-resolution spectra.
The goal is to select a small subset of channels with negligible loss of information. From the spectral windows
with DOF > 3.4 in Figure 3, we select 619 channels with DOFi ≥ 0.005. Table 1 summarizes the fractions of
channels selected and the newDOFbasedon the selected channels. The newDOFs basedon information-rich
Table 1. The Original DOFs Based On All the Channels and the New DOFs Based On the Selected Channels (See Selection
Method in Section 3.1)a
CH4 Window (cm
−1) Original DOF Fraction of Selected Channels New DOF
4,190–4,200 3.49 48/1,000 3.18
4,210–4,220 4.15 125/1,000 3.69
4,230–4,240 3.40 67/1,000 3.14
4,240–4,250 3.47 59/1,000 3.12
4,250–4,260 3.49 117/1,000 3.16
4,270–4,280 3.40 111/1,000 3.13
4,310–4,320 3.50 92/1,000 3.04
4,190–4,510 and 5,880–6,120 (Figure 1) 4.40 619/56,000 4.20
aThe spectral resolution is 0.01 cm−1, and the 10 cm−1 CH4 windows here are those with DOFs > 3.4 from Figure 3.
The selected 619 channels (619 = 48 + 125+, … , +92) are adopted for simulated CH4 retrieval in section 3.2.
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Figure 4. DOF as a function of spectral resolution and SNR in the 4210–4220 cm−1 window. Generally, higher resolution
and SNR lead to higher values of DOF, as discussed in section 3.1.
channels are close to the original DOFs based on all the channel. These 619 channels as a whole compose a
DOF of 4.2. This shows the power of channel selection: about 1% of the channels (619 channels out of 56,000
CH4 channels) containmore than 95% (∼4.2/4.4) of the information about CH4. We use these 619 channels for
simulated CH4 retrievals in section 3.2.
We ﬁnd the dependence of DOFs on spectral resolution and signal-to-noise ratio (SNR). Figure 4 shows how
the DOF of CH4 changes with these two key variables in the 4210–4220 cm
−1 window. Consistent with infor-
mation theory, higher resolution and SNR result in higher values of DOF. However, the correlation between
resolution or SNR and DOF is nonlinear. The maximum sensitivity of DOF to spectral resolution is at a res-
olution of 0.01 to 0.07 cm−1, while the maximum sensitivity to SNR is at a SNR of 100 to 350. On the other
hand, DOF has low sensitivity to resolution between 0.31 and 0.51 cm−1 and SNR between 500 and 1000. This
sensitivity analysis can be relevant to the design of future satellite instruments for CH4 retrievals. Note that
the SNR and spectral resolution are certainly not independent parameters: e.g., the quasi-conservation of the
collecting power of photons (etendue) establishes somedependencies between the SNR and resolution. How
the SNR and resolution are related for a particular instrument design is explained in detail by Beer [1992] and
Davis et al. [2001]. Our Figure 4 includes a broad range of SNR and resolution. Once speciﬁed for a speciﬁc
instrument, our Figure 4 enables the DOF to be determined for this instrument.
3.2. Simulated Retrievals of Partial Column-Averaged Methane
Here we conduct simulated retrievals of dry air mole fractions of CH4 in partial columns, denoted as X
i
CH4
,
where i stands for the ith partial column. This is motivated by our ﬁnding that the DOF is about 4 for
ground-based spectra and about 3 for space-based spectra when the SNR is 300 (Figure 4). This SNR value is
realistic for both ground-based and space-based measurements [Wunch et al., 2011; Yokota et al., 2009]. We
study the following two cases:
Case 1: We use the selected 619 information-rich channels (Table 1) from ground-based spectra in the 2.3 μm
bands. Its DOF is 4.2, and we attempt to retrieve CH4 in four partial columns: X
i
CH4
, where i = 1, 2, 3, 4.
Case 2: We use the information-rich window 4190–4350 cm−1 from space-based spectra with a spectral
resolution of 0.2 cm−1. Its DOF is 3.3, and we attempt to retrieve CH4 in three partial columns: X
i
CH4
, where
i = 1, 2, 3.
Table 2. Four Partial Columns and Their Associated DOFs Based On Ground-Based Spectra With a Spectral Resolution of
0.01 cm−1, Discussed in Section 3.2
Partial Columns Altitude (km) Pressure (hPa) DOF
First ≥ 13.0 190 1.15
Second 7.7–13.0 390–190 0.97
Third 2.9–7.7 980–390 1.05
Fourth 0–2.9 1010–980 1.04
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Table 3. Three Partial Columns and Their Associated DOFs Based On Space-Based Spectra With a Spectral Resolution of
0.20 cm−1, Discussed in Section 3.2
Partial Columns Altitude (km) Pressure (hPa) DOF
First ≥ 10.7 260 1.19
Second 4.6–10.7 590–260 0.98
Third 0–4.6 1010–590 1.17
The division of the 15 atmospheric layers into three or four partial columns is based on the principle that each
partial column should contain approximately an equal DOF ∼1 [Kuai et al., 2012]. Tables 2 and 3 show the
altitude and pressure ranges of the partial columns and their associated DOFs (see associated partitioning
method inKuai etal. [2012]). Figure 5 shows the averaging kernels for partial columns (green) and total column
(red) for Case 1 and Case 2. They are the corresponding diagonal elements of the averaging kernel matrix
[Rodgers, 2000]. All the averaging kernels are between 0.85 and 1, which suggests the potential to get close
to one piece of information for methane in each partial column.
Note that this study is to retrieve the scaling factors for partial column-averaged methane. For example, in
Case 1, there are four scaling factors to be retrieved, one for each partial column. The methane proﬁle within
each partial column is determined beforehand and is parallel to the corresponding part of the a priori proﬁle.
This is diﬀerent from proﬁle retrievals which usually retrieve one scaling factor for each atmospheric layer,
which would result in 15 scaling factors to be retrieved based on the atmospheric proﬁle used in this study.
We conduct simulated retrievals of XiCH4 for the cases mentioned above. To examine the robustness of the
results, we conduct a series of tests on the sensitivity of retrievals to both the a priori and the true states.
3.2.1. Testing Sensitivities to the A Priori State
For Case 1, we perform three tests (A, B, and C), as shown in Figure 6. These three tests have the same true
CH4 proﬁle but diﬀerent a priori CH4 proﬁles, so as to study the sensitivity of retrievals with respect to a priori
proﬁles. The results show that although a priori proﬁles deviate from true proﬁles by ∼100 ppb, the retrieved
state in all three tests agrees well with the true state. The diﬀerence between the retrieved and the true states,
also known as the retrieval error, are within 18 ppb (∼1%) in the three tests. For Case 2, We also perform three
tests (D, E, andF), as shown inFigure7. Similar to the results forCase1, the retrieval errors are alsowithin18ppb
(∼1%) in the three tests. The green arrows indicate the errors of the total column-averaged CH4 retrieval, and
their magnitudes are comparable to those in each partial column. These tests demonstrate that the retrieval
information in both cases ismainly from the spectralmeasurement andhas aweak dependence on the choice
of a priori proﬁles.
Figure 5. The averaging kernels for partial columns (green) and total column (red) for Case 1 and Case 2, as discussed in
section 3.2. They are the corresponding diagonal elements of the averaging kernel matrix [Rodgers, 2000]. All the
averaging kernels are between 0.85 and 1, which suggest the potential to get close to one piece of information for
methane in each partial column.
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Figure 6. Tests A, B, and C for retrieving CH4 in four partial columns in Case 1, as discussed in section 3.2. The retrievals
here are based on the 619 channels that are information rich as selected in Table 1 (based on 0.01 cm−1 spectral
resolution). The three tests include the same true proﬁle but diﬀerent a priori proﬁles. Dots in the top row indicate the
position of the 15 atmospheric layers in the model. Solid lines denote diﬀerent partial columns, which are connected by
dashed lines. The bottom row shows that retrieval errors in each partial column are within 18 ppb (∼1%). The green
arrows indicate the total column-averaged retrieval errors.
Figure 7. Same as Figure 6 but for tests D, E, and F in Case 2, discussed in section 3.2. Compared to Case 1, these are
based on the CH4 spectrum of poorer resolution (by the window 4190–4350 cm
−1 with resolution of 0.2 cm−1). The
three tests include the same true proﬁle but diﬀerent a priori proﬁles. The bottom row shows that retrieval errors in each
partial column are within 18 ppb (∼1%).
SU ET AL. INFORMATION-RICH CHANNELS FOR METHANE 10
Earth and Space Science 10.1002/2015EA000120
Figure 8. Tests G, H, I, and J for retrieving CH4 in four partial columns in Case 1 (by the same CH4 band as the tests in Figure 6), discussed in section 3.2. The four
tests include the same a priori proﬁle but diﬀerent true proﬁles. The bottom row shows that retrieval errors in each partial column are within 18 ppb (∼1%).
3.2.2. Testing Sensitivities to the True State
Accurate quantiﬁcation of CH4 ﬂuxes require the detection of local enhancements of CH4.Would the retrievals
beable to reﬂect anenhancementofCH4 in anyof thepartial air columns? Toanswer this question,weperform
four tests (G, H, I, and J) for Case 1 and three tests (K, L, and M) for Case 2, with local enhancements of CH4 in
diﬀerent partial columns. Since previous tests have demonstrated weak dependence of the retrievals on the
a priori proﬁles, the tests here employ the same a priori proﬁle. The enhancements of CH4 in all these tests are
Figure 9. Same as Figure 8 but for tests K, L, and M in Case 2 (by the same CH4 band as the tests in Figure 6), discussed in section 3.2. The three tests include the
same a priori proﬁle but diﬀerent true proﬁles. The bottom row shows that retrieval errors in each partial column are within 18 ppb (∼1%).
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set to be ∼100 ppb. As shown in Figures 8 and 9, simulation results in all the tests exhibit good agreements
between retrieved and the true states. The retrieval errors in all the tests are less than 18 ppb (∼1%). This
shows that the retrievals are able to reﬂect an enhancement of CH4 in any of the partial air columns.
4. Conclusion
In this study, we conduct information analysis for channel selection and analyze the prospects of retrieving
partial column-averagedCH4 fromboth ground-based and space-based near-infrared spectra. The key results
are summarized as follows:
1. We evaluate the degrees of freedom of signal (DOFs) in the 2.3 μm and 1.6 μm bands (Figures 1 and 2). We
ﬁnd that the 2.3 μmband contains more information than the 1.6 μmband. DOF of CH4 spectrum increases
with ﬁner spectral resolution andhigher SNR (Figure 4),with themaximumsensitivity at a spectral resolution
of 0.01 to 0.07 cm−1, and at a SNR of 100 to 350. Also, the DOF varies from 2.2 to 3.2 when SNR is between
100 and 300 and spectral resolution is 0.20 cm−1.
2. With a resolution of 0.01 cm−1 (e.g., the resolution of TCCON), these two CH4 bands have 56,000 channels in
total with DOF of 4.4. We select only 1% of the channels (619 out of 56,000 channels) that are information
rich and provide more than 95% of the total CH4 information (DOF = 4.2, see Table 1).
3. Weuse the selected 619 information-rich channels for retrieving CH4 in four partial columns,which provides
insights for realistic ground-based retrievals. For simulated space-based retrieval, the spectral resolution
is relatively poor, and thus, we adopt the information-rich window 4190–4350 cm−1 with resolution of
0.2 cm−1. This spectra has DOF of 3.3 and is used for retrieving CH4 in three partial columns.
4. A series of simulated retrieval tests (including the retrieval for water vapor and aerosols) reveal that the
retrieved partial column-averagedCH4 are not sensitive to the a priori proﬁles and can reﬂect local enhance-
ments of CH4 in diﬀerent partial air columns (Figures 6 and 7). Both the total and partial column-averaged
retrieval errors in all tests are within 1% of the true state (Figures 6–9). This shows that it is theoretically
possible to obtain up to three or four pieces of information about the vertical distribution of CH4.
Although the simulated retrievals have demonstrated the usefulness of information-rich channels for retriev-
ing CH4 in three or four partial columns, one needs to treat the results with caution. There are mainly ﬁve
reasons for this. First, these simulation results are dependent on the assumptionsmade in the retrieval frame-
work, as discussed in section 2. Second, successful simulated retrievals do not guarantee the same level of
success in real retrievals, partly because of the inevitable imperfection of the forward model and the issues
related to real-time instrument performance. Third, for non-clear-sky conditions, aerosols and clouds can
induce uncertainties in the optical path due to atmospheric light scattering, depending on the cloud/aerosol
height, the optical thickness, scattering phase function, etc. Thus, they could reduce the accuracy ofmethane
retrievals. In a future study, we propose to use photon path length density function-based method and the
equivalence theorem for correcting the eﬀects of aerosols and clouds [Bril et al., 2007, 2009]. We will also
test the proxy-based method for the cloud/aerosol light scattering correction [Schneising et al., 2009; Butz
et al., 2010]. Fourth, line parameter errors and regularization strength can impact on the attainable DOFs and
retrieval errors. The stronger the proﬁle regularization strength is, the lower the DOFs would be. This point
is worth to be explored in the future. Fifth, in real-world retrieval, it is a challenge to retrieve CH4 simultane-
ously using two bands, with diﬀerent aerosol and cloud properties. The new contribution of this study is the
exploration of the possibility of partial column retrievals in a simulation environment, so as to determine the
feasibility of using the same technique for real retrievals. Although carried out in certain parameter spaces,
our study provides a method that can be applied to CH4 retrievals in other parameter spaces. Retrievals from
spectra measured by a ground-based or space-based FTS will be analyzed in future studies.
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